The prognostic role of aberrant serum miRNA expression for predicting response to sorafenib treatment in advanced hepatocellular carcinoma (HCC) patients has not been well characterized. We aimed to identify specific serum miRNAs that are associated with positive radiologic responses or improved survival in sorafenib-treated HCC patients. miR18a, miR-21, miR-139-5p, miR-221, miR-224, and miR-10b-3p, were selected for analysis. Serum samples from 24 patients with advanced stage HCC and 25 patients with liver cirrhosis (LC) were analyzed. All of the miRNAs except miR-21 were found to be upregulated in serum samples from HCC patients. None of the miRNAs assayed differed significantly in terms of expression between the responder and non-responder groups among HCC patients. However, miR-10b-3p levels were significantly higher in the subgroup of HCC patients with worse overall survival (fold change = 5.8, P = 0.008). Serum miRNA-10b-3p was upregulated in the presence of macrovascular invasion (MVI), and those with higher serum miRNA-10b-3p had significantly shorter survival during treatment (P = 0.042). Although no single serum miRNA was predictive of response to sorafenib treatment, analysis of serum miR-10b-3p levels may be valuable for diagnosis of HCC and prediction of survival of sorafenib-treated patients.
INTRODUCTION
Sorafenib is the only therapy that has been proven to result in a survival benefit in hepatocellular carcinoma (HCC) patients with advanced stage (1) . However, the efficacy of sorafenib is variable, and prognostic biomarkers of positive response to sorafenib are needed to facilitate patient-tailored therapy. To date, no reliable biomarkers specific for response to sorafenib have been identified outside of well-known clinical parameters, such as alpha-fetoprotein (AFP) expression, the presence of macrovascular invasion (MVI), or extra-hepatic spread (2) . miRNAs are small non-coding RNA molecules that control various cellular processes by binding to target mRNAs and repressing transcription or translation. Analysis of miRNA dysregulation can be used in the detection of cancer, the discrimination of tumor characteristics, and the prediction of prognosis (3) . Numerous key miRNAs have been reported to be dysregulated in HCC. For example, miR-18a, miR-221, and miR-224 have been shown to be upregulated in HCC compared with non-cancerous liver tissue (4) . miR-21 has been confirmed to be upregulated in human HCC samples in many studies (5) (6) (7) (8) . The tumor suppressor phosphatase and tensin homologue (PTEN) has been shown to be a target of miR-21 (6) . miR-221 has an oncogenic function in hepatocarcinogenesis in vitro and was found to be upregulated in HCC samples compared to cirrhosis samples (9) . miR-10b-3p was found to be upregulated in resected HCC tissue specimens compared with non-tumorous liver tissue (10) . In addition to the oncogenic miRNAs, miR-139-5p downregulation contributes to metastasis of HCC in vitro (11) . In addition, overexpression of miR-139-5p reduced the incidence of metastatic HCC and correlates with good prognosis in vivo (12) . Therefore, a single miRNA or multiple combinations of these miRNAs may have a potential role in the prediction of response to sorafenib treatment of HCC.
Screening for miRNAs in HCC is complicated by the fact that obtaining liver tissue samples requires an invasive procedure that can be accompanied by rare, but serious, complications, such as episodes of uncontrolled internal bleeding. Furthermore, monitoring miRNA expression in these tissues over the course of treatment further complicates the situation. There-fore, a better approach would be to analyze serum miRNAs, which avoid the limitations of tissue-based analysis. Thus, our goal was to identify serum miRNAs that are associated with good radiologic response or longer survival in patients with advanced HCC who were treated with sorafenib.
MATERIALS AND METHODS

Patients and samples
We retrospectively analyzed the medical records of patients with advanced stage disease who were treated with sorafenib for measurable HCC lesions in the imaging study. Sorafenib was administered to patients with advanced stage HCC according to the Barcelona clinic liver cancer staging system, whose HCC lesions accompanied any of the findings of portal vein invasion, lymph node involvement, or distant metastases was the criteria for defining advanced stage HCC. This study was conducted in the Department of Hepatology at Guro Hospital, Korea University College of Medicine between 2009 and 2011. Among 24 HCC patients, 12 patients were diagnosed with HCC by pathologic confirmation. Others were diagnosed with HCC by identification of typical nodular lesions in the liver (i.e., hypervascularity in the arterial phase and washout in the portal venous or delayed phase) via a 4-phase multi-detector CT scan or dynamic contrast enhanced MRI (1). Serum samples from 24 HCC patients were collected just prior to the administration of sorafenib. Serum samples from 25 liver cirrhosis (LC) patients who were on several antiviral agents were also obtained as controls. Liver function and severity of LC were matched between LC controls and patients with HCC by Child-Pugh classification. The presence of cirrhosis was identified through combinations of multiple clinical and imaging findings. Sera were frozen at −70°C until use.
Sample preparation and RNA extraction
Total RNA was isolated from serum samples using TRIzol ® reagent (Invitrogen, Carlsbad, CA, USA). In general, 600-3,750 ng/µL total RNA was obtained from 700 µL of serum. A NanoDrop ND-1000 spectrophotometer ® (NanoDrop Technologies, Wilmington, DE, USA) was used to assess the quality of the isolated RNA.
Real-time quantitative reverse transcription polymerase chain reaction (RT-PCR) analysis of miRNA expression
Reverse transcription and real-time RT-PCR were performed using a TaqMan ® MicroRNA Reverse Transcription kit and TaqMan ® MicroRNA Assays (Applied Biosystems, Carlsbad, CA, USA). miR-18a, miR-21, miR-139-5p, miR-221, miR-224, and miR-10b-3p, which have previously been reported to be aberrantly expressed in HCC or to play important roles in HCC tumorigenesis, were evaluated (5) (6) (7) (8) 10, (13) (14) (15) (16) (17) . Expression of the target miRNAs was normalized to expression of miR-16 (18) . The comparative CT method (2 -ΔΔCT ) was used for analysis of relative miRNA expression (19) .
Study design and definitions
Patients were treated with 400 mg sorafenib twice daily. To assess treatment response, patients who underwent radiologic evaluation after one month of treatment were included. The median duration of sorafenib treatment was 2.18 months (95% confidence interval [CI], 2.13-6.96; range, 0.43-27.70). All but one patient was administered sorafenib for more than 5 weeks. Therapy was discontinued after 12 days of treatment in one patient who had definite aggravation of lung metastases on chest X-ray while taking sorafenib. This patient was included in our analysis. Treatment response was evaluated for viable target lesions according to the modified Response Evaluation Criteria in Solid Tumors (mRECIST) (20) . Responses to treatment were characterized as either complete response (CR), partial response (PR), stable disease (SD), or progressive disease (PD). Responders were defined as patients with non-PD after sorafenib treatment, including CR, PR, and SD. Non-responders were defined as patients with PD despite sorafenib treatment. Based on the median overall survival reported from the Asian-Pacific sorafenib trial, the better survival group was defined as patients who lived longer than 6.5 months after the initiation of sorafenib treatment (21) . The worse survival group included patients who survived less than 6.5 months after the initiation of therapy.
Outcomes
The primary endpoint was to determine the most significant miRNA predictive of the response to sorafenib, based on non-PD according to mRECIST criteria. Secondary endpoints included identification of miRNAs that are differentially expressed in serum samples of patients with HCC compared to patients with LC. Additionally, we also sought to identify serum miRNAs that could be used to differentiate better survival from worse survival and serum miRNAs that are significantly dysregulated in patients with invasive tumor characteristics.
Statistical analysis
Categorical and continuous variables were analyzed by the χ 2 test and the Mann-Whitney U-test, respectively. Overall survival was calculated by the Kaplan-Meier method, and differences between groups were compared using the log-rank test. Logistic regression analysis was used to identify factors significantly affecting survival. P values less than 0.05 were considered statistically significant. Statistical analyses of experimental and clinical data were performed using GraphPad ® Prism 4 software (GraphPad, San Diego, CA, USA) and SPSS 17.0 (SPSS Inc., Chicago, IL, USA), respectively.
Ethics statement
This study was approved from Institutional Review Board of Korea University College of Medicine, Guro Hospital (KUGH12111). Written informed consent was obtained from all patients whose samples were stored at our center. 
RESULTS
Baseline characteristics of LC and HCC patients
Baseline characteristics were similar between the LC and HCC patients. Chronic hepatitis B was the most common etiology in both the LC and HCC groups. Severity of cirrhosis was similar between the groups (Table 1) .
Comparison of serum miRNA expression between LC and HCC patients Six miRNAs were selected for analysis based on previous results reporting their relevance to HCC. Expression of each miRNA was measured by real-time RT-PCR in 24 HCC patients and 25 cirrhotic patients and subsequently compared between the 2 patient groups. miR-18a, miR-221, miR-224, and miR-10b-3p were significantly upregulated in the HCC group by 3-to 6-fold compared to the LC group. Moreover, expression of miR-139-5p was over 190 times higher in the HCC group than in the LC group (P < 0.001). All of the selected miRNAs except miR-21 were able to differentiate the HCC group from the LC group (Fig. 1) .
Expression of serum miRNAs and radiologic responses to sorafenib treatment
To identify miRNAs that could be useful for prediction of sorafenib responders, we compared the expression of miR-18a, miR-21, miR-139-5p, miR-221, miR-224, and miR-10b-3p between the responder and non-responder groups. The baseline characteristics were similar between the 2 groups. None of the candidate miRNAs were expressed at significantly different levels between the groups (P > 0.050).
Expression of serum miRNAs and overall survival
We compared the expression of the 6 miRNAs between the better survival and the worse survival groups to identify serum miRNAs that were associated with longer survival. Although most baseline characteristics were similar between the 2 survival groups, the presence of MVI was significantly less frequent in the better survival group (P = 0.001; Table 2 ). miR-18a and miR-10b-3p were expressed 3.4 times and 5.8 times higher, respectively, in the worse survival group (P = 0.061 and P = 0.008, respectively). miR-139-5p was downregulated in the worse survival group compared with the better survival group (P = 0.005). Among these differences, only miR-10b-3p and miR-139-5p were significant (Fig. 2 ).
Significant predictors of longer survival in patients with advanced HCC treated with sorafenib
We identified baseline factors predictive of longer survival in sorafenib-treated patients with advanced HCC by logistic regression analysis. To determine the prognostic values of serum miR-10b-3p and miR-139-5p, their levels of expression in serum were also included in the analysis. Univariate analysis revealed that the presence of MVI had a significant negative association with longer survival (P = 0.007). Higher baseline serum miR-10b-3p expression based on a median fold change of 2.2 exhibited a tendency toward a negative relationship with longer survival but there was no statistical significance (odds ratio [OR], 0.167; 95% CI, 0.024-1.164; P = 0.071). Expression of miR-139-5p was not significantly associated with longer survival on univariate analysis (P = 0.244). When the presence of MVI and serum miR-10b-3p expression were included in the multivariate analysis, the presence of MVI was the only factor that was significantly associated with survival (OR, 0.038; 95% CI, 0.003-0.482; P = 0.012). Higher baseline serum miR-10b-3p levels were not statistically significant in the multivariate analysis (OR, 0.522; 95% CI, 0.045-6.032; P = 0.603; Table 3 ).
The relationship between miR-10b-3p expression and the presence of MVI Expression of miR-10b-3p was compared between subgroups of patients with the presence or absence of MVI. In the 12 patients with MVI, serum miR-10b-3p was significantly upregulated compared to the 12 patients without MVI, with a fold change of 8.0 (P = 0.001). For reference, expression of miR-139-5p in the serum was compared between patients with or without MVI, and no difference in expression was observed (Fig. 3) .
Relationship between baseline serum miR-10b-3p levels and median overall survival in advanced HCC patients We compared the median overall survival of the low and high serum miR-10b-3p groups based on a median fold change of 2.2. The median overall survival times in the low and high serum miR-10b-3p groups were 11.75 months (95% CI, 8.10-15.40) and 2.36 months (95% CI, 1.90-2.82), respectively. Median overall survival was significantly longer in the low serum miR-10b-3p group (hazard ratio [HR], 4.99; 95% CI, 4.60-5.57; P = 0.042; Fig. 4 ). The median duration of sorafenib treatment in the low and high serum miR-10b-3p groups were 3.21 months (95% CI, 1.28-5.15) and 2.07 months (95% CI, 1.37-2.77), respectively, and were not significantly different (P = 0.055).
DISCUSSION
This study is the first to analyze dysregulated serum miRNA profiles in advanced stage HCC patients treated with sorafenib. Aberrant expression of tissue miRNA has been widely evaluated as promising biomarkers for HCC (22) . In contrast to studies on tissue miRNAs, the significance of serum miRNAs in HCC has not been well characterized to date. Moreover, few previous studies evaluating serum miRNAs were more focused on differentiating HCC from control groups consisting of LC or chronic hepatitis patients. Our study is unique in that miRNA expression was evaluated with a goal of identifying potential biomarkers of radiologic response to sorafenib. We chose 6 candidate miRNAs that were previously reported to be significantly dysregulated in HCC tissue samples compared with non-tumoral liver tissues. We sought to determine whether those miRNAs were aberrantly expressed in serum samples from HCC patients compared with those from LC patients. In agreement with our hypothesis, miR-18a, miR-139-5p, miR-221, miR-224, and miR10b-3p were significantly overexpressed in serum samples from HCC patients. miR-21 did not exhibit aberrant expression in HCC patients, as has been reported in other studies. Previous studies on miR-21 were primarily focused on the identification of early HCC patients who could be treated with curative resection (14, 23 worse survival from responders and those with better survival in the present study. There were no differences in expression of the 6 candidate serum miRNAs between the responders and non-responders. When comparing the responder and non-responder groups, miR-139-5p tended to be downregulated in the non-responder group (P = 0.067). The significance of miR-139-5p as a predictor of response may have been obscured due to the limited number of patients. We also compared the expression of these miRNAs between the CR+PR group and SD+PD group. However, the miRNAs were not differently expressed between the 2 groups (data not shown). To date, considerable effort has been directed toward identifying a serum marker predictive of good radiologic response to sorafenib (24, 25) . Llovet et al. (24) analyzed ten plasma cytokines, but failed to prove that any of these plasma cytokines were predictive of a good response to sorafenib (23) .
In addition to miR-10b-3p, expression of miR-139-5p was downregulated in sera samples from the worse survival group, and the difference between the groups was significant. Previous studies reported a relationship between miR-139-5p overexpression and a lower incidence of metastasis or a good prognosis (11, 12) . However, in our study, overexpression of serum miR-139-5p was not an independent predictor of longer survival. Additionally, comparison of miR-139-5p expression based on the presence or absence of MVI exhibited no significant difference. Similar results were found for comparison of expression between patients with and without distant metastases (data not shown). However, it still may be worthwhile to validate a potential association between serum miR-139-5p and survival in a large study population in the future, given the wide distribution of miR-139-5p expression in the radiologic responder group, better survival group, and patients without MVI.
The role of miR-10b-3p has not been studied in any malignancies, including HCC, to date. It has not been determined whether miR-10b-3p is similar to miR-10b-5p in terms of target mRNAs or functions. miR-10b-5p was first shown to be highly expressed in metastatic breast tumors (26, 27) . Upregulation of miR-10b-5p has been detected in several highly metastatic cancers, such as breast cancer, esophageal cancer, malignant glioma, and pancreatic cancer, and has been shown to promote cell migration and invasion (26) (27) (28) (29) (30) (31) . However, few studies have analyzed the effects of miR-10b-5p overexpression in HCC, although it is assumed that miR-10b-5p may play a role in the HCC migration and invasion (32) . After cleavage of the hairpin loop structure during miRNA gene processing, 2 arms of the hairpin form a miRNA-5p:miRNA-3p duplex in the cytoplasm (33) . Thus, it can be inferred from our results that miR-10b-3p may have an oncogenic effect similar to miR-10b-5p in HCC. However, we failed to identify an association between miR-10b-3p expression and radiologic response to sorafenib treatment. Nevertheless, it had a marginally significant association with longer survival during sorafenib treatment on logistic regression analysis. It is not evident that the differences in survival observed in comparison of the low and high serum miR-10b-3p groups are related to the effects of sorafenib treatment, but rather miR-10b-3p expression appeared to be associated with aggressive tumor characteristics, such as the presence of MVI. Loss of function and gain of function analyses with transfection of miR-10b-3p mimics or inhibitors should be performed to differentiate between the effects of this miRNA on tumor characteristics and sorafenib treatment. Expression of miR-10b-3p did not differ between patients with and without distant metastases in this study (data not shown) (32) .
Analysis of serum miRNAs has several advantages over analysis of tissue-based miRNAs for HCC. First, serum miRNAs have the potential to be ideal biomarkers, as serum can be easily obtained in a minimally invasive and safe method, unlike tissuebased miRNAs, especially in advanced HCC patients. Second, serum miRNAs can be repetitively monitored before, during, and after treatment to enable more accurate prediction of prognosis.
Based on our results, miR-18a, miR-139-5p, miR-221, miR-224, and miR-10b-3p can be used to differentiate HCC patients from LC patients. Our findings can serve as the basis of further, larger studies, especially considering the high median fold changes that were observed despite the small number of patients included in this study.
There are several limitations in our study. Firstly, as this study was based on biomaterials, the study population was small. Differences in the absolute values of fold changes between the responders and the non-responders might have retained statistical significance if the analysis was performed with a larger patient sample. These results should be prospectively validated in a well-matched cohort of patients to ensure their generalizability. Secondly, additive analyses of other serum miRNAs should be performed in order to potentially identify prognostic factors of good radiologic response to sorafenib. Thirdly, there has been no unified miRNAs for normalization as control in the analysis of fold change of serum miRNA expression. Therefore, the role as control of miR-16 in normalization should be evaluated further. Fourthly, direct comparison of tissues among the healthy liver, cirrhotic liver, and HCC was not possible due to difficulty in collecting healthy liver. Additionally, it was not possible to compare the expression of miRNA in tissue and serum at the same time. As pathologic confirmation is not prerequisite in the diagnosis of HCC, especially in the setting of advanced stage of HCC, it was not seemed to be ethical to perform liver biopsy in patients who are waiting for the prompt treatment.
In conclusions, treatment with sorafenib is limited in that some patients do not show satisfactory results in terms of radiologic response. We analyzed the expression of serum miRNAs and attempted to identify a predictive marker of good re-
